Abstract-One of key 5G scenarios is that device-to-device (D2D) and massive multiple-input multiple-output (MIMO) will be co-existed. However, interference in the uplink D2D underlaid massive MIMO cellular networks needs to be coordinated, due to the vast cellular and D2D transmissions. To this end, this paper introduces a spatially dynamic power control solution for mitigating the cellular-to-D2D and D2D-to-cellular interference. In particular, the proposed D2D power control policy is rather flexible including the special cases of no D2D links or using maximum transmit power. Under the considered power control, an analytical approach is developed to evaluate the spectral efficiency (SE) and energy efficiency (EE) in such networks. Thus, the exact expressions of SE for a cellular user or D2D transmitter are derived, which quantify the impacts of key system parameters such as massive MIMO antennas and D2D density. Numerical results corroborate our analysis and show that the proposed power control solution can efficiently mitigate interference between the cellular and D2D tier.
I. INTRODUCTION
With the increasing demand for high-definition mobile multimedia and fast mobile internet services, fifth generation (5G) mobile networks are anticipated to support the deluge of data traffic [1] . Among the emerging technologies [2] , massive multiple-input multiple-output (MIMO) and device-to-device (D2D) are viewed as two key enablers to achieve 5G targets.
Massive MIMO can drastically improve the spectral efficiency (SE) by using large number of antennas and accommodating dozens of users in the same radio channel [3] . However, the circuit power consumption increases with the number of antennas, which may deteriorate the EE of massive MIMO systems. D2D takes advantage of the proximity to support direct transmissions without the aid of base stations (BSs) or the core networks. As a result, D2D can improve both SE and EE, and decrease the delay [4] . However, the D2D distance plays a dominant role in D2D transmission, which significantly affects the D2D performance. When D2D users and cellular users share the same frequency bands in D2D underlaid massive MIMO cellular networks, interference becomes a key issue to be addressed.
The opportunities and challenges of the co-existence of the massive MIMO and D2D have recently been investigated in the uplink [5] and downlink transmissions [6] . In [5] , D2D and massive MIMO aided cellular uplink spectrum efficiencies were studied and the interplay between D2D and massive MIMO was exploited, which showed that there is a loss in cellular SE due to D2D underlay. To redeem the cellular performance loss, authors in [5] assumed that the number of canceled D2D interfering signals is scaled with the number of BS antennas. In [6] , the tradeoff between the downlink SE and sum rate was analyzed in a single massive MIMO cell, where multiple D2D transmitters were randomly located. The work of [6] utilized equal power allocation without considering interference management, and showed that the benefits of the coexistence of D2D and massive MIMO are limited by the density of D2D users. Although the related works in [5, 6] have well investigated the features of the massive MIMO cellular networks with underlaid D2D, the research on the interference management in such networks is still in an initial stage.
Power control designs have been widely studied in conventional D2D underlaid cellular networks for interference management [7] [8] [9] . In [7] , a dynamic power control mechanism was proposed for controlling the D2D user's transmit power, so as to reduce the D2D-to-cellular interference. In [8] , power control algorithms were proposed for mitigating the cross-tier interference between the D2D links and one single cellular link. In the work of [8] , centralized power control problem was formulated as a linear-fractional programming and the optimal solution was obtained by using standard convex programming tools. In [9] , joint beamforming and power control was studied in a single cell consisting of one D2D pair and multiple cellular users, and the optimization problem was formulated for minimizing the total transmit power. However, prior works only pay attention to power control problems in the conventional D2D underlaid cellular networks.
This paper studies SE and EE of uplink D2D underlaid massive MIMO cellular networks. We consider two power control schemes for cellular users and D2D users, respectively. The exact expressions of SE for a cellular user or D2D transmitter are derived, which accounts for the features of massive MIMO and D2D. The average power consumption under the proposed power control policies are derived, which helps us evaluate the EE in such networks. Simulation results validate our analysis and demonstrate the effectiveness of the proposed power control solution.
II. SYSTEM DESCRIPTION
We consider uplink transmission in a cellular network, where massive MIMO enabled macrocells are underlaid with D2D transceivers. The locations of macrocell BSs (MBSs) are modeled following a homogeneous Poisson point process (HPPP) Φ M with density M . The locations of D2D transmitters are modeled following an independent HPPP Φ D with density D . Each MBS is equipped with antennas and receives data streams from single-antenna cellular user equipments (CUEs) over the same time and frequency band, while each D2D receiver equipped with one single antenna receives one data stream from a single-antenna D2D transmitter in each transmission. The linear zero-forcing beamforming (ZFBF) is employed to cancel the intra-cell interference at the MBS [10] . It is assumed that the density of CUEs is much greater than that of MBSs so that there always will be multiple active CUEs in every macrocell. All the channels undergo independent and identically distributed (i.i.d.) quasi-static Rayleigh fading. Each CUE is assumed to be connected with its nearest MBS such that the Euclidean plane is divided into Poisson-Voronoi cells.
A. Power Control Policy
In the macrocells, the open-loop uplink power control is applied, and the transmit power for a CUE associated with the MBS is given by
where C max is the maximum transmit power, is the normalized power density,
M is the path loss exponent, is the frequency dependent constant value, | C,M | is the distance between the CUE and its associated MBS and ∈ [0, 1] is the path loss compensation factor, which controls the CUE transmit power. Here = 1 represents that the path loss between a CUE and its serving MBS is fully compensated, and = 0 represents that there is no path loss compensation.
To mitigate the D2D-to-cellular interference, we consider that the average received interference at the MBS from a D2D transmitter should not exceed a maximum value th . Therefore, the D2D transmit power is given by
where D max is the maximum D2D transmit power, | D,M | is the distance between a D2D transmitter and its nearest MBS. If there is no power control on the D2D transmitters, the shorter | D,M |, the stronger interference power. Here, th = 0 represents that there is no allowable D2D transmission and the considered network reduces to the massive MIMO enabled multi-cell network, and th = ∞ represents that there is no D2D power control.
B. Channel Model
We assume that a typical serving MBS is located at the origin . The receive signal-to-interference-plus-noise ratio (SINR) of a typical serving MBS at a random distance | ,M | from its intended CUE is given by
where ,C is the transmit power of the typical CUE,
is the small-scale fading channel power gain between the typical serving MBS and its intended CUE, 2 is the noise power, M and D are the interference from inter-cell CUEs and D2D transmitters, which are found as
where ,C is the transmit power of the interfering CUE ∈ Φ u,M ∖B ( ) (Φ u,M ∖B ( ) is the point process corresponding to the interfering CUEs), ,D is the transmit power of the interfering D2D ∈ Φ D , ℎ ,M ∼ exp(1) and | ,M | are the small-scale fading interfering channel power gain and distance between the typical serving MBS and interfering CUE , respectively, ℎ ,M ∼ exp(1) and | ,M | are the small-scale fading interfering channel power gain and distance between the typical serving MBS and interfering D2D transmitter , respectively. Likewise, the SINR of a typical D2D receiver at a distance 1 from its D2D transmitter is given by
where ,D ∼ exp (1) is the small-scale fading channel power gain between the typical D2D receiver and its corresponding D2D transmitter, M and D are the interference from the CUEs and interfering D2D transmitters, respectively, given by
where ,D ∼ exp(1) and | ,D | are the small-scale fading interfering channel power gain and distance between the typical D2D receiver and interfering CUE ∈ Φ u,M , respectively, ,D ∼ exp(1) and | ,D | are the small-scale fading interfering channel power gain and distance between the typical D2D receiver and interfering D2D transmitter ∈ Φ D ∖ , respectively. III. SPECTRAL AND ENERGY EFFICIENCY By addressing the effects of power control, we examine the SE and EE for the cellular and D2D transmissions. We first need to derive the following probability density function (PDF) of the D2D transmit power based on (2).
A. D2D Transmit Power Distribution Lemma 1. The PDF of a typical D2D transmit power is given by
whereΔ ( ) = exp
and (⋅) is the Dirac delta function.
with
Proof: Based on (2), the cumulative distribution function (CDF) of D is written as
where U (⋅) is the unit step function denoted as U ( ) = { 1, ≥ 0 0, < 0 , and Δ ( ) is calculated as
Since the PDF of the distance | D,M | between a D2D transmitter and its nearest MBS is given by [11] 
By using (10) , (9) is further derived as
Substituting (11) into (8), we have
Taking the derivative of (12), we obtain the PDF of D in (7) and complete the proof.
From Lemma 1, we see that the level of the D2D transmit power is dependent on the massive MIMO enabled MBS density and the interference threshold th .
B. Spectral Efficiency
With the assistance of Lemma 1, the SE for a typical CUE can be obtained in the following theorem.
Theorem 1. The achievable SE under power control for a typical CUE is given by
where Ξ 1 ( ) and Ξ 2 ( ) is given by (14) and (15) at the top of this page, in which
Proof: The proof is provided in Appendix A. Based on Theorem 1, the area SE (bps/Hz/m 2 ) achieved by the cellular is calculated as
Similarly, the SE of a typical D2D link can be obtained as follows.
Theorem 2. The SE for a typical D2D link with a given distance
is given by
where Ξ 3 ( ) and Ξ 4 ( ) are given by (19) and (20) at the next page.
Based on Theorem 2, the area SE achieved by the D2D tier is
D = D D .(23)
C. Energy Efficiency
In this subsection, we evaluate the EE of cellular and D2D transmissions, which is of paramount importance in 5G systems [12] . The average power consumption of a CUE is calculated as
where is the fixed circuit power consumption, P C is the average transmit power given by (17), and is the power
where
amplifier efficiency. Thus, the EE for a typical CUE is derived as
where C is the average SE given by (13) . Likewise, the average power consumption of a D2D transmitter is calculated as
where P D is the average transmit power. Based on (36) in Appendix A, P D is given by
. Thus, the EE for a typical D2D pair is derived as
where D is the average SE given by (18).
IV. NUMERICAL RESULTS
In this section, numerical results are presented to evaluate the area average SE and average EE of the cellular and D2D in the D2D underlaid massive MIMO cellular network. Such a network is assumed to operate at a carrier frequency of 1 GHz and bandwidth is 10 MHz. It is assumed that the density of is 100 mW and power amplifier efficiency is 0.5. We set number of antennas N as 400. Monte Carlo simulated values of the uplink spectrum efficiency marked by 'o' are numerically obtained to validate the analysis. Fig. 1 shows the effects of D2D distance with the impact of massive MIMO on the area SE. It is obvious that when the distance between the D2D transmitter and its receiver grows large, the area SE of the D2D decreases, and it has no effect on the cellular performance. As more CUEs are served in each massive MIMO aided macrocell, there is a substantial increase in the area SE of the cellular, due to more multiplexing gains achieved by massive MIMO. However, when more CUEs are served in the uplink, the interference from CUEs is exacerbated, which degrades the D2D performance. Therefore, the cellular-to-D2D interference needs to be coordinated. In addition, massive MIMO cellular can achieve better performance than D2D when the D2D distance is large. Fig. 2 shows the effects of D2D density with the variation of cellular power control on the area SE. We see that uplink power control applied in the massive MIMO macrocells can significantly affect the area SE of the D2D and the cellular. Specifically, when the transmit power of the CUE is controlled at a low level, the area SE of the D2D is improved, because D2D receivers experience less interference from the CUEs. In contrast, the area SE of the cellular decreases with the CUE transmit power. The cellular performance is greatly degraded when the D2D links are dense, due to the severe interference from the D2D transmitters, which reveals that D2D-to-cellular interference mitigation is required for ensuring the uplink quality of service in the cellular networks. Fig. 3 shows the effects of D2D density with the variation of D2D power control on the area SE. We observe that without D2D power control (i.e., th / 2 = ∞), the area SE of D2D tier is much higher than the massive MIMO aided cellular when D2D density is large. In particular, the area SE of the cellular is drastically deteriorated by the severe D2D-to- cellular interference. The implementation of the proposed D2D power control policy (e.g., th / 2 = −20 dB in this figure.) can efficiently mitigate the D2D-to-cellular interference, and thus improve the cellular performance. Fig. 4 shows the effects of D2D density with the variation of D2D power control on the EE. Without D2D power control, the EE of a D2D link is much higher than that of a cellular uplink, owing to the proximity. The interference increases with the D2D links, which harms both the EE of the cellular user and D2D user. The use of D2D power control enhances the EE of the cellular user, due to its SE improvement. Moreover, by properly coordinating the D2D-to-cellular interference, the uplink EE of a massive MIMO aided cellular is comparable to that of a D2D link.
V. CONCLUSION
This paper took into account the uplink power control in the D2D underlaid massive MIMO cellular networks. The open-loop power control was adopted to control the cellular user's transmit power, to mitigate the inter-cell and cellularto-D2D interference. The D2D transmit power was controlled such that the average D2D signal power received by base stations is not larger than a certain value, to mitigate the D2D-to-cellular interference. We also considered the maximum transmit power constraints at the cellular users and D2D transmitters. We developed a tractable approach to provide the exact expressions for the area SE of the cellular and D2D tier. Numerical results were presented to confirm the effectiveness of the proposed power control design. 
We first calculate Ξ 1 ( ) as
where step (a) is obtained due to the fact that ℎ ,M ≈ − +1 for large , | ,M | ( ) is the PDF of the nearest distance between the typical CUE and its serving MBS, as seen in (10), and | ,M |= { − M } in (31) can be derived as
where step (b) is the generating functional of the PPP, and step (c) is given by considering ℎ ,M ∼ exp(1). Based on the power control given in (1), Υ 1 is given by
